A parsimony analysis was performed on restriction sites at the Hba-ps4 pseudogene locus within one of four inversions associated with mouse t haplotypes. The results suggest that all t haplotypes form a monophyletic group and that the in( 17 )4 inversion originated before the radiation of the Mus musculus species complex but after the divergence of the lineages leading to M. spretus, A4. abbotti, and A4. hortulanus. A time frame based on the evolutionary rate of mouse pseudogenes places the origin of this t haplotype inversion at 1.5 Mya, or -1.5 Myr after the origin of the more proximal t complex inversion, in ( 17) 2. The accumulated evidence indicates that complete t haplotypes have been assembled in a stepwise manner, with each of these inversions occurring on separate chromosomal lineages and at different evolutionary times. In addition, the evolutionary relationships of pseudogene sequences resulting from genetic exchange between wild-type and t haplotype alleles were examined. Analysis of sequences from the 5' and 3' sides of a putative site of recombination resulted in cladograms with different topologies. The implications for hypotheses concerning the evolutionary forces acting on t haplotypes and their rapid propagation throughout worldwide populations of mice are discussed.
Introduction
The mouse t complex is a 20-CM region on chromosome 17 that exists in two allelic states in natural populations (Klein et al. 1984; Klein 1986 ). One form is considered wild type, and the other is called a " t haplotype." t haplotypes present the only known case of mammalian meiotic drive and fulfill the definition of ultraselfish genes, which eradicate their homologues to enhance their own representation in the gametic pool ( Wu and Hammer 199 1) . This male-specific meiotic drive is observed in the transmission of the t haplotype from heterozygous +/t males to >95% of their offspring. One would expect transmission-ratio distortion (TRD) to lead to the rapid fixation of t haplotypes in mouse populations.
However, negative selection due to tassociated lethal and male sterility effects (Lewontin and Dunn 1960) brings about equilibrium haplotype frequencies of 5% 15% in most populations (Petras 1967; Klein 1986, pp. 701-702; Ruvinsky et al. 199 1) .
Several recent studies have addressed the origin of t haplotypes (Delarbre et al. 1988; Hammer et al. 1989; Pilder et al. 199 1; Morita et al. 1992) . The accumulated data indicate that they are all descended from a single ancestral chromosome that evolved through the assembly of four nonoverlapping inversions, relative to the wild type, that tightly link the multiple loci required to express TRD at the highest possible level. A surprising result was obtained from a phylogenetic survey of the structure of the proximal region of chromosome 17 (Hammer et al. 1989 ) . These data indicated that one inversion, in ( 17 ) 2, actually occurred on the wild-type lineage leading to Mus domesticus and M. abbotti, -3 Mya. In contrast, the other three inversions did occur on the ancestral t haplotype itself.
Additional empirical studies are needed to elucidate the timing and order of genetic events that have led to the formation of the ultraselfish t haplotype. Accordingly, we present here a phylogenetic analysis of the alpha-globin pseudogene locus (Hbaps4), which resides within the in( 17)4 inversion oft haplotypes. This locus was chosen to track t haplotype evolution because it presumably is not subject to selective pressures, and thus it should accumulate changes at a fairly rapid and steady pace over the range of divergence times, in the house mouse species group, of l-6 Myr (Ferris et al. 1983; Bonhomme et al. 1984) . Our intention was to perform a parsimony analysis using restriction sites as characters to build a "gene tree" representing taxa in the genus A4us as well as t haplotypes. Because the phylogenetic relationships of species in this genus are becoming well known (Sage 198 1; Ferris et al. 1983; Bonhomme et al. 1984; Bonhomme 1986; Tucker et al. 1989) , the degree to which the resulting gene tree topology tracks organismal evolution serves as an internal control and allows the formulation of hypotheses on the origin of the in( 17)4 inversion in particular and on the origin of t haplotypes in general. A second goal was to complete a formal test of our previously published hypothesis (Hammer et al. 199 1) to explain the occasional appearance, in wild populations, of mosaic haplotypes that contain a mixture of wildtype and t characters (Erhart et al. 1989 ).
Material and Methods

Mouse Nomenclature and Sources
A consensus phylogenetic tree of the house mouse and Mus cewicolor is shown in figure 1. The four highly commensal species-iV. domesticus, M. muscuZus, M. castaneus, and M. bactrianus-can all harbor t haplotypes. A fifth member of this group, called "M. molossinus, " is actually a hybrid of M. musculus and M. castaneus (Yonekawa et al. 1988) . Sixty-six animals from 28 original localities representing each of the nine taxa shown were examined in this survey (table 1) . This group included 10 mice trapped in the wild, 25 laboratory descendants of separate lines of wild-caught mice, and 12 laboratory strains. In addition, another 19 lines of mice carrying independent t haplotypes derived from M. domesticus, M. musculus, and M. bactrianus were examined.
The term "haplotype" is used in the molecular sense to mean a set of restriction sites, or of restriction-site character states, genetically coupled on the same homologue; it is distinguished from the term " t haplotype" (see Introduction).
In the phylogenetic analysis, "haplotype" will be used as a synonym for operational taxonomic unit.
DNA Clones and Sequence Analysis
A genomic clone of the 2.6-kb EcoRI fragment that encompasses the Hba-ps4 pseudogene from BALBc/ J was provided by Y. Nishioka and P. Leder. This clone was used to screen a homozygous t w5 cell line genomic library in phage lambda provided by John Schimenti. The homologous 2.6-kb regions of both cloned alleles at the Hba- (Sage 198 1; Ferris et al. 1983; Bonhomme 1986 ).
Species of
Mus
ps4 locus were sequenced in their entirety. Sequences were determined by the dideoxychain termination method (Sanger et al. 1977 ) using the Sequenase kit (U.S. Biochemical) according to the manufacturer's specifications.
Genomic Restriction Maps
High-molecular-weight DNA was isolated according to standard procedures. Three micrograms of DNA were digested to completion with 1 of 12 restriction enzymes that recognize six bases (enzyme Bsp1286), five bases (enzyme HinfI, HphI, Sau961, Scr f I, or Fnu4HI), or four bases (enzyme AZuI, DdeI, HaeIII, RsaI, Sau 3A1, or TaqI ) (New England Biolabs). Samples were subsequently treated with RNase I ( 100 Fg/ ml), phenol-chloroform extracted, ethanol precipitated, and resuspended in 2 ~1 of loading buffer (94% formamide, 0.1% bromophenol blue, 0.1% xylene cyanol). After incubating in a boiling water bath for 5 min, samples were loaded onto a standard 30-cm X 40-cm X 0.4-mm 6% polyacrylamide/ 7 M urea buffer gradient DNA sequencing gel. The gradient was 50-250 mM in Tris borate/ethylenediaminetetraacetate (EDTA), pH 8.3. Electrophoretic transfer of DNA from the gel to nylon membranes (GeneScreen; New England Nuclear) and subsequent UV cross-linking were performed as described by Church and Gilbert ( 1984) .
Radioactive probes were produced by polymerization from a mixture of random oligonucleotide primers on templates of denatured DNA (Feinberg and Vogelstein 1984) . Prehybridization and hybridization were at 65°C in 1% crystalline grade bovine 
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' 1 = Jackson Laboratory, Bar Harbor, Maine; 2 = M. Potter (mice were laboratory descendants of wild-caught mice); 3 = R. D. Sage (mice were laboratory descendants of wild-caught mice); 4 = V. Chapman (mice were laboratory descendants of wild-caught mice); 5 = J. L. Guenet; 6 = H. Hoogstraal (mice were wild caught); 7 = Princeton University; 8 = J. Klein; 9 = H. Winking; 10 = J. Forejt; 11 = K. Fischer-Lindahl; and 12 = B. Babiatz.
b All maintained as congenic strains, except for tTUw8 and t'"', which were t/t. For further details on the original collection of mice, see Ferris et al. (1983) and Potter et al. (1986). serum albumin, 1 mM EDTA, 0.5 M sodium phosphate pH 7.2, 7% NaDodS04. Hybridization was performed in polycarbonate (Lexan) tubes, as described by Kreitman and Aguade ( 1986 ) . Filters were rinsed two times at ambient temperature in 2 X SSC, 1% NaDodS04 and were washed two times at 65°C for 30 min in 0.2 X SSC, 0.1% NaDodS04.
Cleavage maps for each enzyme were constructed in relation to the reference sequences of BALBc/ J and t w5 by the sequence-comparison method (Ferris et al. 1983) . A computer program called "RESPAT," provided by M. Kreitman, was used to enumerate all restriction sites present within the reference sequence, as well as all "semisites," which are one nucleotide removed from a true restriction site. The loss of a site could be assigned to a specific recognition sequence and occasionally mapped to a single base change when enzymes with overlapping recognition sequences were used. The gain of a site could often be assigned to a specific nucleotide, on the basis of the knowledge of all semisites in the reference sequence (if it is assumed that all site gains and losses are due to a single base change). DNA sequence divergence was estimated from restriction-site data and was corrected for multiple hits [ Nei 1987, eq. (5. 3)], by using the RSP program of Rice ( 1987) . 976 Hammer and Silver Phylogenetic Analysis Parsimony analyses were conducted by using the branch-and-bound option in PAUP 3.0 for the Macintosh computer (Swofford 1989) , which guarantees finding all most parsimonious trees. PAUP also was used for computing consensus trees [strict (Sokal and Rohlf 198 1) and semistrict (Bremer 1990) ], for performing bootstrap analyses as a means of estimating relative support for clades ( 1 OO-1,000 replicates) ( Felsenstein 1985 ) , for differentially weighting characters ( Do110 parsimony), and for calculating character and tree statistics (consistency index; Kluge and Farris 1969 ) . In addition, the relative robustness of clades found in the most parsimonious trees was further evaluated via a "decay" analysis; that is, strict and semistrict consensus trees were constructed of all trees up to one step longer than the shortest trees, then of all trees two steps longer, etc., until the consensus tree eventually collapsed to an unresolved bush (Hillis and Dixon 1989) . Rooted trees were obtained by assigning M. cewicolor and M. cookii as the outgroups.
Results
DNA Sequence Comparisons
As a framework upon which to build a comprehensive phylogenetic analysis of the Hba-ps4 locus across nine taxa and 19 independent t haplotypes, we first determined the complete sequences for a 2.6-kb EcoRI fragment that encompasses this locus in both the BALBc/ J and t w5 alleles. The two sequences differ by 26 point mutations and three small indels. It is interesting that both alleles of the Hba-psi gene still retain a complete open reading frame corresponding to that present in the functional alphaglobin gene Hba-1. However, the last 14 nucleotides of the third exon, as well as the termination codon, are deleted in the so-called pseudogene, causing an extended open reading frame, which reads through the ancestral 3' untranslated region and terminates at position 16 12. Nevertheless, in theory, Hba-ps4 could still be functional.
High-Resolution Restriction Analysis
To obtain an estimate of the percentage of substitutions identified by sequencing and also detectable by the battery of 12 enzymes used in this survey, we constructed and compared cleavage maps from BALBc/ J and t w5. For this and all subsequent analyses, the cloned 2.6-kb EcoRI fragment was divided into two subfragments by BarnHI, to produce two probes, of 1 kb ( Hba-6 ) and 1.6 kb (Hba-9 ) . These probes were used independently for hybridization with genomic restriction digests (see fig.  2 ). Figure 3 shows an example of results obtained with Hba-6 hybridization to five DNA samples, each digested with Sau961, Alul, Scrfl, and Ddel. Fragments as small as 50-60 bp and indels as small as one base were reliably scored after 3-7-d exposures. Eleven (42%) of the 26 point mutations and all of the length mutations that differed between t w5 and BALBc/ J were detected by this set of enzymes ( fig. 4A) . Table 2 lists the fragment patterns resulting from digestion of genomic samples from 64 additional mice. Each fragment pattern produced by a given enzyme was assigned a capital letter, with "A" denoting the pattern appearing in the known BALBc/ J Hba-ps4 sequence. A total of 2 1 different patterns were identified among t haplotypes and the nine taxa examined.
More than 90% of all restriction-enzyme sites and essentially every indel difference could be mapped in the taxa most closely related to the BALBc / J and t w5 reference sequences (Mus domesticus, M. musculus, M. molossinus, and M. castaneus). In all (Leder et al. 198 1) . The dashed line indicates an extension of the 3' open reading frame, which is due to the loss of the stop codon present in the functional gene. The probes used in the restriction-site survey-a 0.9-kb Hba-9 probe and a 1.6-kb Hbad probe-are indicated by a horizontal line beneath the open reading frames. B, Different classes of alleles, based on high-resolution restriction maps (Hammer et al. 199 1) . The shaded boxes denote regions with homology to wild-type M. domesticus alleles, and the unshaded boxes denote regions homologous to t haplotypes. The arrows indicate possible sites of recombination (see text).
cases but one, restriction-site and/or indel heterozygosity was resolvable into separate haplotypes. The only exception was the M. spretus mouse "SMA," which was heterozygous at several restriction sites and indels; in this one case, a single composite haplotype containing all unique differences was assigned. Of the 21 haplotypes, 7 are unique to A4. domesticus, 3 to M. spretus, 2 each to A4. musculus, M. castaneus, and t haplotypes, and a single haplotype is unique to each of the remaining taxa. An average of 96.5 cleavage sites were mapped in each haplotype.
The distribution of 62 variable sites and 66 constant sites is shown in figure 4B , and the precise location of all variable sites, as well as the approximate location of 18 indels, is listed in Appendix A. It was possible to infer the exact nature of 36 of these mutations. Thirty-five are identified by restriction sites that are absent from either BALBc/J or tw5; these are likely to be the result of base substitutions that, with respect to these reference sequences, have caused the gain of a site. In one case of restrictionsite loss, a single base substitution was inferred from overlapping restriction-enzyme recognition sites. 
Recombinant Haplotypes
In a previous report, Hammer et al. ( 199 1) provided evidence that several of the Hba-ps4 haplotypes, characterized in the present study as well, were derived from ancestral chromosomes that had undergone intralocus genetic exchange events between wild-type chromosomes and t haplotypes. These "recombinant haplotypes" (accounting for 12 chromosomes) can be placed into three classes diagramed in figure 2B: class I recombinant haplotypes ( number 12 in table 2) have a proximal site of recombination at nucleotide positions 510-675; class II recombinant haplotypes (numbers 5-7 in table 2) have a central site of recombination at nucleotide positions 99 l-1145; and the third class includes the two haplotypes characterized in another species, M. castaneus ( numbers 10 and 11 in table 2). The latter appear to contain a more complicated mixture of wild-type and t-specific sites that may have resulted from two or more sequential intralocus genetic exchange events (Hammer et al. 199 1) .
Analysis of Sequence Divergence
The pairwise analysis of sequence differences observed among all 21 Hba-ps4 haplotypes provides information on the validity of the approach taken in this report (table 3 ) . Of initial importance is our observation that sequence differences estimated with this set of restriction enzymes are not significantly different from the values determined by DNA sequencing. For example, the estimated sequence difference between BALBc/ J and t *' is 1.2%, compared with an actual sequence difference of 1 .O%. The mean pairwise sequence divergence (MPSD) between wild-type M. domesticus 
NOTE.-Individuals 6, 8, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] 54 , and 58 were scored with all enzymes except Fnu4H1, Bsp1286, and San96I. Individuals 9, 18, 19, and 25 appear twice because they carry two haplotypes. All animals with t haplotypes also carried a wild-type chromosome, except for tT"* and tw2, which were analyzed in homozygous animals.
* Termed "recombinant" (see text). Haplotype 12 is a class I recombinant, and haplotypes 5-7 are class II recombinants. b Heterozygous at several sites, which could not be resolved into haplotypes. Frischauf 1985) and at the noncoding regions of another t complex locus called "Tcp-1" ( 1.4%; Willison et al. 1986 ). MPSDs were also determined for the 836-bp subregion encompassing the pseudogene (table 4). Note that the values in this subregion (i.e., 1.8% between M. domesticus and t haplotypes) are slightly higher than those for comparisons involving the entire 2.6-kb region.
Intraspecific comparisons demonstrate lower levels of variability among t haplotypes than among A4. domesticus wild-type chromosomes. For example, four polymorphic sites (three restriction sites and one indel) were identified among 19 nonrecombinant M. domesticus chromosomes (mean number of restriction site differences per comparison = 1.1 + 0.08 ), but only one polymorphic site was found among 19 previously characterized t haplotypes and two t haplotypes identified in this survey (0.3 f 0.03). Moreover, only one polymorphism (one indel) was found among eight M. musculus chromosomes. These data are consistent with earlier studies that indicated a low level of genetic variability among t haplotypes (Silver et al. 1987 ) and within M. musculus ( Ruvinsky et al. 199 1) . In contrast, among the three M. spretus samples there are eight polymorphic sites (two indels) . Seven of these distinguish Spanish and Moroccan animals, suggesting a possible divergence between these two geographically isolated member populations of the M. spretus species.
Interspecific MPSD calculations can provide some information on the relative distances that separate species of Mus. The MPSD between nonrecombinant M. domesticus and A4. musculus haplotypes (0.4% & 0.1%) is the same as that observed among haplotypes from within the A4. domesticus group. A comparable level of divergence (0.3%) is observed between M. abbotti and A4. hortulanus. In contrast, a much larger MPSD, of 3.4% + 0.3%, was observed between M. domesticus and M. spretus. This value is comparable to divergence values obtained by the use of DNA hybridization kinetics (3.6%; Catzeflis et al. 1987) and by direct sequence analysis of other nuclear noncoding regions within the immunoglobulin Ck locus (3.2%; JouvinMarche et al. 1988 ) and of LINE-1 elements ( 5.0% f 2.8%; Rikke et al. 199 1) . These data serve to further validate the comparative-restriction-site approach followed in the current study.
Phylogenetic Analysis
Parsimony analyses were performed on two types of data sets. The first type of analysis included all characters within each haplotype examined (Appendix B). This analysis was performed on the complete set of 21 haplotypes and on the subset of only nonrecombinant haplotypes. The second type of analysis included all nonrecombinant haplotypes, but only recombinant haplotypcs of the class II type. In this analysis, the characters from each side of the site of recombination were analyzed as separate data sets.
All Characters
With the analysis of all 21 haplotypes, eight equally parsimonious trees with length 68 and with a consistency index of 0.84 were derived from 57 phylogenetically informative sites. A strict-consensus tree depicting genealogical relationships among the 2 1 haplotypes appears in figure 5 . The house mouse species complex is represented as a trichotomy with one lineage, (a), leading to the strongly commensal clade (M. domesticus, M. muscuZus, A4. castaneus, and M. molossinus) and t haplotypes and 
associated with t haplotypes (subclade e). Recombinant class I haplotypes, those with both the most 5 ' site of recombination and the longest region of homology with t haplotypes, are supported as the sister taxon of t haplotypes in 85% of the replications.
The division of the house mouse species group into three major clades is consistent with phylogenetic data obtained with other loci. However, the polyphyletic nature of the species lineages within the strongly commensal clade (a) are inconsistent with previously published results. The major inconsistencies that arise in the analysis of all haplotypes can be eliminated if one simply ignores all of the recombinant haplotypes (identified by half-blackened symbols at the ends of branches in fig. 5 ) previously identified by Hammer et al. ( 199 1) . The revised strict consensus tree containing only nonrecombinant haplotypes is simply a subset of the original tree and is shown in figure 6 . In this analysis, two minimal length trees resulted, with 62 steps and a consistency index of 0.92. A distinct strongly commensal clade, without t haplotypes, was supported in 87% of the 1,000 bootstrap replications. Separate lineages leading to A4. musculus/M. molossinus and M. domesticus haplotypes were supported in 63% of these replications. The lineage leading to t haplotypes branches from the tree before the separation of the lineages leading to M. domesticus and M. musculus/M. molos- sinus. The topology of this portion of the tree was identical under the assumption of Do110 parsimony and when length mutations were removed from the analysis. A suboptimal tree analysis was performed whereby all trees of length 63-67 were examined (table 5 ). A semistrict consensus tree was produced from all trees at each length. There are 27 trees of length 63, one step longer than the minimal tree length. All of these support the hypothesis that the lineage leading to all t haplotypes diverged before the radiation of the strongly commensal clade. In addition, a separate M. domesticus and M. musculus/M. molossinus subclade was supported in 70% of the trees.
Species of Mus
There are 14 1 trees that are two steps longer than the minimal length tree. In all but one of these trees, the lineage leading to t haplotypes diverges before the radiation of the strongly commensal clade. One tree represents the lineages leading to M. domesticus, M. musculus, and t haplotypes as a trichotomy.
Of the 478 trees that are three steps longer than the minimal trees, in 424 trees (88%), the lineage leading to t haplotypes still diverges before the strongly commensal lineages, in 46 trees a trichotomy appeared, and in 8 trees t haplotypes were included in the strongly commensal clade. The branching order of the weakly commensal species shown in figure 6 was supported in all trees examined, through length 67.
Character Subsets
As a means for determining the origins of the ancestral chromosomes that were involved in the generation of recombinant haplotypes, we performed separate parsimony analyses on the set of characters from each side of the site of recombination around position 1100 of class II recombinants ( fig. 2B ). In the first run, only nonrecombinant and class II recombinant haplotypes were included. Parsimony analysis of 22 informative sites on the 5' side of the site of recombination yielded two trees of length 23 and with a consistency index of 0.967. Ten equally parsimonious trees of length 39 and with a consistency index of 0.90 resulted from the analysis of 35 informative characters on the 3' side of the site of recombination.
Strict consensus trees of the minimal length that resulted from these two data sets are shown in figure 7. These trees show an origin for the 5' side of all three class II recombinant haplotypes securely within the M. domesticus/M. musculus subclade, (d). In contrast, the data show a t haplotype origin for the 3' side of all of these recombinant haplotypes. The following experiment was performed to test whether trees resulting from The left-hand tree shows a strict consensus of two equally parsimonious trees of length 23, resulting from the analysis of 5 ' characters, and the right-hand tree shows a strict consensus of 10 equally parsimonious trees of length 39, resulting from analysis of the 3' characters. The capital letters A, B, C, and D refer to wild-type haplotypes from Mus domesticus, recombinant haplotypes, wild-type haplotypes from h4. musculus, and t haplotypes, respectively. Other letters and numbers associated with the trees are as in fig. 5 . 988 Hammer and Silver division of the character set at the site of recombination differed from analyses of characters chosen at random. A random-number generator was employed to divide the character set into two complementary subsets such that each character had a 50% probability of falling into one subset or the complementary subset. One hundred replicates were performed, generating 200 character subsets. A branch-and-bound search was performed on each subset, and all trees were saved into separate tree files. A strict consensus tree was constructed from each tree file representing each subset. Trees from complementary subsets were compared with the trees resulting from character-set division at the site of recombination.
Approximately one-third of the trees involved polytomies of the lineages leading to wild-type haplotypes, recombinant haplotypes, and t haplotypes. One-third of the trees placed the recombinant haplotypes 5-7 as sister taxa with t haplotypes (as in fig.  7 , right side). The majority of the remaining trees, although linking the recombinant haplotypes 5-7 with t haplotypes, were polytomous.
In only 3% of the trees were the recombinant haplotypes placed closer to wild-type haplotypes than to t haplotypes (as in fig. 7 , left side). This analysis indicates that complementary trees similar to those shown in figure 7 would result in only 6% of parsimony analyses of randomly partitioned character subsets. This supports the conclusion that parsimony analysis of characters on either side of the site of recombination produces trees of significantly different topology.
Discussion
Species Relationships in the Genus Mus
Over the past decade, numerous investigators have analyzed various molecular characters within the mouse genome to derive phylogenetic trees for the house mouse and its related species in the genus Mus. Previously published evolutionary trees have been based on mtDNA comparisons (Ferris et al. 1983; Yonekawa et al. 1988; She et al. 1990 )) protein electrophoresis (Sage 198 1; Bonhomme et al. 1984) , wholegenome DNA-DNA hybridization studies (Catzeflis et al. 1987; She et al. 1990) ) and Y-chromosome restriction-fragment analysis (Tucker et al. 1989 ). The accumulated data provide a reasonably consistent view of the evolution of the house mouse complex, with M. cewicolor and M. cookii as distant outgroups and with a division of the commensal species into three major clades defined by ( 1) M. spretus, (2) M. abbotti and M. hortulanus, and (3) the strongly commensal group of species. The strongly commensal clade has been further divided into subclades defined by each of the species M. musculus, A4. domesticus, M. castaneus, and M. bactrianus.
The overall structure of the Hba-ps4 locus cladogram for all nonrecombinant haplotypes ( fig. 6 ) is entirely consistent with the consensus view just described, with a trifurcation that divides the major clades from each other, and with further divisions within the strongly commensal line that separates A4. domesticus and M. musculus into different subclades. Because both of the M. castaneus samples analyzed in this study appear to represent recombinant haplotypes, more individuals must be examined to establish the relationship of this species within the context of the Hba-psi tree.
However, the placement of M. castaneus haplotype 10 ( fig. 5 ) closer to those of M. musculus than to those of M. domesticus agrees with the results of several other studies (Sage 198 1; Bonhomme et al. 1984; Yonekawa et al. 1988; Tucker et al. 1989) . Previous studies have demonstrated that the faux species A4. molossinus is actually a hybrid formed from a mixing of M. musculus and M. castaneus in Japan (Yonekawa et al. 1988) . Thus, at different M. molossinus loci, one would expect to see affinity to either the M. musculus line or the M. castaneus line. The close affinity that we observed between M. molossinus and M. musculus is supportive of this view.
A Temporal Framework for Mus Evolution
If one assumes that the rate of sequence change at the Hba-ps4 locus is constant, as embodied in the molecular-clock hypothesis, then an estimate of clock speed would allow one to approximate the time at which various bifurcations and trifurcations occurred in the evolutionary tree shown in figure 6. Recent comparative studies over a large set of loci have provided strong evidence for the constancy of sequence change within the muroid rodents, even as the clock ticks at different speeds for different loci (O'hUigin and Li 1992) . The rate of evolution of mammalian pseudogenes and other nonfunctional regions has been shown to be -O.S%/Myr, or 0.57% for mice specifically (Li et al. 1985) . If one assumes that the Hba-ps4 pseudogene evolves at the average mouse pseudogene rate, then it is possible to estimate divergence times with the data presented here. This assumption seems reasonable when one considers that the Hba-ps4 pseudogene has been shown to exist in other subgenera of Mus (Pyromys, Coelomys, and Nannomys), suggesting that it is several million years old (Delarbre et al. 1988; authors' unpublished data) . (Li et al. 1985 ) . The tree presents a hypothesis for the origin of t haplotypes (hollow brunch), with the origin of the in( 17)2 and in( 17)4 inversions indicated by circles with a single hatched line to the right and left, respectively. The order of loci is inferred from the data of Hammer et al. ( 1989) and Forejt and Ivanyi ( 1975) . The hatched boxes represent regions of inverted DNA, relative to the blackened lines. The direction of hatching refers to inversion events that occurred in separate chromosomal lineages.
Species of Mus Inversion
According to this "pseudogene clock," the M. domesticus-M. spretus split occurred 3 Mya (fig. 8 ). This timing is consistent with the fossil evidence suggesting that spretus-like mice lived in Africa l-3 Mya (Thaler 1986; Auffray et al. 1990 ). The pseudogene clock suggests a more ancient divergence for these two species, compared with estimates based on DNA hybridization (Catzeflis et al. 1987; She et al. 1990) , and is consistent with a 2% /Myr rate of point-mutational divergence in mtDNA (Ferris et al. 1983 ) . The level of sequence divergence among M. domesticus and M. musculus haplotypes places their separation -0.35 Mya and places the origin of the strongly commensal clade -0.5 Mya. The latter estimates are more recent than those based on mtDNA and protein electrophoresis studies (Sage 198 1; Ferris et al. 1983; Bonhomme et al. 1984) and are more consistent with those based on DNA hybridization (Catzeflis et al. 1987; She et al. 1990 ). Thus, it is imperative that more pseudogenes be examined, especially from A4. castaneus and M. bactrianus, to get a better estimate of the divergence time for the strongly commensal mice.
Phylogenetic Affinity oft Haplotypes
The cladogram of nonrecombinant haplotypes presented in figure 6 allows the following interpretations to be made concerning both the origin of t haplotypes and their relationships to each other: ( 1) all t haplotypes form a monophyletic group; (2) the origin of the t haplotype lineage predates the divergence of the lineages leading to the strongly commensal mice; and ( 3) the Hba-ps4 region of t haplotypes originated after the separation of the lineages leading to the strongly commensal and weakly commensal species. The hypothesis that t haplotypes form a distinct lineage that lies outside the strongly commensal clade and remains apart from lineages leading to the weakly commensal species was tested in several ways. Haplotypes from strongly commensal mice and t haplotypes are linked by nine changes in the most parsimonious trees, and they formed a clade in 99% of the bootstrap samples. Furthermore, this link lasted in the longest of the decay analyses, appearing in all 3,090 trees ~67 steps (table 5). The support for the monophyletic origin oft haplotypes is also very strong, as eight changes are characteristic of all t haplotypes, which remained together in 100% of bootstrap replicates and in all of the trees ~67 steps.
The hypothesis that t haplotypes originated before the radiation of the strongly commensal mice receives moderately strong support because the strongly commensal lineages held together, to the exclusion of t haplotypes, in 87% of the bootstrap replicates. Furthermore, the strongly commensal lineages were linked and excluded t haplotype lineages in all trees ~64 steps and in the majority of trees ~67 steps.
There are two possible interpretations of these results. The first is that the inversion in which the Hba-ps4 locus resides originated at the time of separation of the lineages leading to t haplotypes and the strongly commensal haplotypes. In this case, our results would provide an estimate of the time of appearance of this portion of the complete t haplotype.
The second possibility is that the inversion in( 17)4 predates this time point but that subsequent genetic exchange events served to erase an earlier record of sequence divergence. These alternative interpretations can be tested by performing phylogenetic analyses on other sequences within the same inversion. Preliminary data from two other loci, Pim-IA and Crya-I, favor the former interpretation (authors' unpublished data). Under either interpretation, the pseudogene clock sets 2 -1.5 Mya as the origin of the distal inversion associated with t haplotypes.
Relative Rates of t Haplotype Evolution
The hypothesis that the in( 17)4 inversion associated with t haplotypes appeared -1.5 Mya depends on the assumption that t haplotype sequences are not evolving at significantly different rates than are wild-type sequences. The question of the rate of t haplotype molecular evolution becomes more relevant because all nucleotide sites within the region of recombination suppression are in complete linkage disequilibrium with meiotic drive loci that are under strong selection. When an advantageous mutation is fixed in a population by selection, a closely linked selectively neutral mutation may hitchhike to fixation, and this process could affect evolutionary rates.
A test for the relative evolutionary rates of the pseudogene carried by t haplotypes and wild-type chromosomes can be made by comparing their sequences with that of the adult globin gene, Hba-1. For each nucleotide position that differs between the BALBc/ J and t w5 pseudogenes, it is possible to infer on which lineage the base substitution has occurred, by comparison with the Hba-1 sequence (if one assumes low levels of shared polymorphism and single changes at each nucleotide position). The Hba-1 sequence is informative at 18 of the 26 sites that differ between BALBc/ J and t w5 sequences: nine substitutions have occurred on the BALBc / J pseudogene lineage, and nine substitutions have occurred on the tw5 pseudogene lineage. The equivalent rate of change along meiotically driven and wild-type lineages is consistent with the models of Birky and Walsh ( 1988) and supports the hypothesis that the most distal inversion associated with t haplotypes occurred 1.5 Mya.
Introgression and Propagation of t Haplotypes
Given that pseudogenes associated with t haplotypes evolve at the same rate as do those on wild-type chromosomes, one of the most notable results of our survey is the extremely low level of variation among 2 1 t haplotypes compared with 19 nonrecombinant wild-type chromosomes. This is reflected in both the small number oft haplotype lineages (two) and the low level of divergence among these lineages (one polymorphic site). However, this result is consistent with surveys of protein and DNA variation along the entire length of the t complex. For example, in a survey of five t haplotype-encoded polypeptides and 20 restriction sites, Silver et al. ( 1987) found no polymorphisms in the 33 complete t haplotypes examined, in spite of the many polymorphisms detected among different wild-type chromosomes. Similarly, in a study of Tcp-1 intron sequences, Morita et al. ( 1992) found that t haplotypes collected from different strongly commensal species of house mice had an identical 6 IO-bp sequence, despite a number of substitutions within the wild-type introns. The absence of polymorphism has been interpreted as evidence for the descent of all t haplotypes from a single ancestral chromosome that existed much more recently than the common ancestor of M. domesticus and M. musculus (Silver et al. 1987; Morita et al. 1992) . To explain the presence of identical t haplotypes in populations of M. domesticus and M. muscuhs, they postulated one or more recent introgressions oft haplotypes across a hybrid zone in Europe.
Evidence in favor of the introgression hypothesis could come from sequence comparisons showing that all contemporary t haplotypes derive from a common ancestral t chromosome that existed more recently than the divergence of the strongly commensal species. Some support for this hypothesis comes from data on the distribution of a 16-bp insertion present in the second intron of Hba-ps4 ( fig. 4 and Appendix A). The presence of this insertion distinguishes all examined t haplotypes from all known wild-type haplotypes, as well as all from recombinant haplotypes (Schimenti and Hammer 1990) . If one assumes that the insertion is fixed in all t haplotypes, then the simplest explanation is that it originated after the gene conversion event. This assumption seems likely, in light of the extremely low levels of polymorphism among t haplotypes. The date of the gene conversion event can be estimated by using the pseudogene clock. A 0.2% sequence difference between DEA 1 (recombinant class I) and t w5 (Hammer et al. 199 1) places the gene conversion event -0.175 Mya. This date serves as the upper limit to the time of the last common ancestral t chromosome.
Estimates of sequence divergence within t haplotypes compared with wild-type haplotypes suggest that the last common ancestral t haplotype may have existed more recently. For example, if one assumes that the degree of divergence among t haplotypes is proportional to the level of their genetic diversity for the entire 2.6-kb region discussed above, then they are approximately 3.6-fold less divergent from each other than M. domesticus haplotypes are from each other. The MPSD among M. domesticus haplotypes is 0.37%, which corresponds to 0.325 Myr. Thus, contemporary t haplotypes have been diverging for &0.090 Myr. This is consistent with calculations based on Tcp-1 intron sequence divergences (Morita et al. 1992 ). The implication is that t haplotypes have propagated from a common ancestral t chromosome more recently than the radiation of the strongly commensal species in which they are found and that therefore, in their spread around the globe, they have introgressed across species boundaries.
Speculation on the Evolutionary Forces Acting on t Haplotypes
What kinds of evolutionary models can explain the pattern of variation found in t haplotypes and their wild-type homologues? There may be two kinds of selection operating on t haplotypes: ( 1) balancing selection between t haplotypes and wild-type chromosomes and (2) directional selection among different t haplotypes. Because the inversion has persisted as a polymorphism for z 1.5 Myr, there has been a buildup of neutral polymorphism.
This process is similar to the classic case of inversion polymorphism in Drosophila, where coadapted gene complexes evolve in regions of reduced recombination (Dobzhansky 1970, pp. 32-35 ) . Results of restriction-site surveys have shown that variation can accrue in both the inverted and noninverted chromosome regions ( Aguade 1988; Aquadro et al. 199 1) .
However, there are lower levels of nucleotide and haplotype diversity in t haplotypes than would be expected on the basis of both the ancient origin of the inversion and the equivalent rates of evolution oft haplotype and wild-type lineages. This pattern does not conform to a model of balancing selection or to neutral theory, which would predict both a correspondence between levels of polymorphism within t haplotypes and divergence between t haplotypes and wild-type chromosomes. Meiotic drive alone probably does not explain the lack of variation in t haplotypes-t haplotypes with equivalent levels of drive should diverge from one another over time.
A model has been proposed by Kaplan et al. ( 1989) that predicts reduced levels of nucleotide variation in regions of low recombination. The model is based on the idea that recurrent favorable mutations that go to fixation quickly in a population can fix a whole region by hitchhiking. The expected time to the common ancestor of a sample of two genes can be more than an order of magnitude below its predicted value under the neutral theory. The magnitude of the effect depends on the population size at the time when the selected substitution occurred, the strength of selection, and the amount of crossing-over between two loci. Several surveys of natural variation in chromosomal regions with reduced recombination in DrosophiZa have supported these predictions ( Aguade et al. 1989; Eanes et al. 1989; Berry et al. 199 1) .
Theoretical studies on the maintenance of t haplotypes in mouse populations have shown that, unless TRD is very high, t haplotypes will be lost from mouse populations. This implies that alleles that cause stronger meiotic drive will be favored (Lewontin and Dunn 1960; Lewontin 1967 ) . Monte Carlo simulations show that a t haplotype variant with as little as a 1% increase in its effective transmission ratio will completely replace its predecessor (L. M. Silver, unpublished data). Furthermore, recurrent directional selection could result from the presence of suppressors of TRD in mouse populations. A well-known example of modifiers that suppress meiotic drive exists for the Segregation distorter locus (SD) in Drosophila. In several D. melanogaster populations where SD was shown to be absent, there was a high frequency of autosomal and X chromosome suppressors (Hiraizumi and Thomas 1984) . Modifiers on chromosome 17, as well as on other chromosomes of laboratory mice, have been shown to reduce the transmission ratio oft haplotypes from 95% to ~50% (Gummere et al. 1986 ). If such alleles existed in natural populations, then the persistence oft haplotypes would depend on recurrent mutation to new, favorable TRD alleles. This coevolution of suppressors and TRD alleles would result in episodes of selection in which the entire population would become fixed for the same t haplotype. Because genes that suppress TRD will have a tendency to increase in frequency even if they are not linked to the TRD locus ( Wu and Hammer 199 1) , new suppressors may arise frequently in mouse populations and force t haplotypes to turnover rapidly. Perhaps the small piece oft haplotype DNA that is carried by "converted" wild-type Hba-ps4 alleles is a relict oft haplotype history, one that otherwise would have been lost from mouse populations by this process of episodic selection.
Stepwise Evolution of t Haplotypes
The results presented here deal only with the most distal inversion oft haplotypes. To understand how the complete t haplotype evolved from a standard chromosome with low levels of drive, DNA sequences in each of the four inverted regions must be examined. In a study involving interspecific crosses, Hammer et al. ( 1989) compared the structure of the proximal third of chromosome 17 present in M. domesticus, M. abbotti, and A4. spretus with that in t haplotypes. The results demonstrated that one of the inversions, in( 17)2, originated on the lineage leading to wild-type chromosomes of present-day A4. domesticus and M. abbotti, while the other three inversions, including the inversion discussed in the present study, originated on the lineage leading to t haplotypes. The minimum age of the in( 17) 2 inversion was inferred to be equivalent to the time of separation of M. spretus and M. domesticus ( -3 Mya). Consistent with this are the results of Morita et al.'s ( 1992) phylogenetic analysis of Tcp-1 intron sequences from four t haplotypes and nine wild mice in the subgenus Mus. The origin of the in ( 17)2 inversion was dated to -3 Mya, before the splitting of the strongly commensal house mice. In fact, Morita et al.'s UPGMA tree indicated that the lineage leading to t haplotypes diverged before the separation of the lineages leading to the weakly and strongly commensal species. We reanalyzed their data by PAUP, and the results support the scenario depicted in figure 8 . There is a polytomy-or simultaneous splitting of the lineages leading to the common ancestors of the strongly commensal mice (kf. abbotti/M. hortulanus and M. spretus) and to t haplotypes.
Because the in( 17) 2 inversion alone can suppress recombination over a region containing both the responder locus and several additional TRD loci present within 994 Hammer and Silver or adjacent to the inverted region (Lyon 199 1 ) , it is assumed that this was the primary event leading to the spread oft haplotypes. It is interesting that the in( 17)4 inversion studied here occurred on the t haplotype lineage -1.5 Mya. Present within this inversion is a TRD allele that increases the level of transmission ratio when interacting with loci near in( 17)2. Selection for this inversion and for the expanded t haplotype linkage group including this allele may be the latest consequence of the continuing battle between suppressors and TRD alleles.
Recombinant Haplotypes
In addition to the classification of t haplotype lineages in the context of house mouse evolution, this work provides an example of how recombinant sequences can affect the outcome of parsimony analyses. In this case, the recombinant sequences appear to result from intragenic gene conversion (Hammer et al. 199 1) . In light of the duplicate nature of many genes in the eukaryotic genome, a common feature of many data sets may be recombinant sequences resulting from intergenic conversion. Unfortunately, it is difficult to detect recombination in a set of sequences, and phylogenetic analysis may lead to incongruence between gene trees and species trees (Sanderson and Doyle 1992) . Parsimony analysis of the entire data set here resulted in non-species-specific clustering of some haplotypes, and it was only when the presumptive recombinant haplotypes were removed that a tree consistent with the known situation was obtained.
The genetic exchange hypothesis predicts that parsimony analyses of characters on either side of the site of recombination within class II recombinant haplotypes should result in different tree topologies-recombinant haplotypes should be placed in either wild-type subclades (5' side) or t haplotype subclades ( 3' side). The predictions of the genetic exchange hypothesis were supported in analyses of both character subsets ( fig. 7) : ( 1) Analysis of the 5 ' side resulted in a tree with M. domesticus class II recombinant haplotypes branching from the lineage, (d), leading to M. domesticus and M. musculus wild-type haplotypes, and (2) the 3'-side tree placed these haplotypes on lineages that branch from the lineage, (e), leading to t haplotypes. APPENDIX A 
